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Summary
Noise-induced hearing loss (NIHL) is a debilitating sensory
impairment affecting 10%–15% of the population, caused
primarily through damage to the sensory hair cells or to
the auditory neurons. Once lost, these never regenerate
[1], and no effective drugs are available [2, 3]. Emerging
evidence points toward an important contribution of synap-
tic ribbons in the long-term coupling of the inner hair cell and
afferent neuron synapse to maintain hearing [4]. Here we
show in nocturnal mice that night noise overexposure trig-
gers permanent hearing loss, whereas mice overexposed
during the day recover to normal auditory thresholds. In
view of this time-dependent sensitivity, we identified a self-
sustained circadian rhythm in the isolated cochlea, as evi-
denced by circadian expression of clock genes and ample
PERIOD2::LUCIFERASE oscillations, originating mainly
from the primary auditory neurons and hair cells. The tran-
scripts of the otoprotecting brain-derived neurotrophic
factor (BDNF) showed higher levels in response to day
noise versus night noise, suggesting that BDNF-mediated
signaling regulates noise sensitivity throughout the day.
Administration of a selective BDNF receptor, tropomyosin-
related kinase type B (TrkB), in the night protected the inner
hair cell’s synaptic ribbons and subsequent full recovery of
hearing thresholds after night noise overexposure. The TrkB
agonist shifted the phase and boosted the amplitude of
circadian rhythms in the isolated cochlea. These findings
highlight the coupling of circadian rhythmicity and the
TrkB receptor for the successful prevention and treatment
of NIHL.Results
Diurnal Sensitivity in Noise Overexposure and Its Effects
on the Auditory Clock
Toevaluatewhether the auditory clockwouldplay a role in hear-
ing functions in nonanesthetized animals, CBA/CaJ male mice
were exposed to an acoustic startle paradigm during the inac-
tive phase (9 a.m., zeitgeber time [ZT] 3) or the active phase
(9 p.m., ZT 15). Acoustic startle amplitude was lower (p =
0.044; Figure 1A) and latency longer (p = 0.001; Figure 1B) in
animals tested during the active phase than during the inactive
phase. We next challenged awake mice with a noise trauma
(6–12 kHz broadband noise of 100 dB sound pressure level3These authors contributed equally to this work
*Correspondence: barbara.canlon@ki.se[SPL] for 1 hr) during the inactive or active phase. This noise
trauma is known to cause temporary damage characterized
by the synaptic swelling of the auditory neuron dendrites [5].
We estimated auditory brainstem response (ABR) threshold
shifts at either 24 hr or 2 weeks postexposure. Similar threshold
shifts were found 24 hr postexposure for both day and night
groups. While the recovery was complete for the day group at
2weeksposttrauma (Figure1C), thenightgroupshowedperma-
nent threshold shifts (higher sound levels required to elicit a
response) (p < 0.001) in the absence of hair cell loss (data not
shown). These findings illustratedifferences in recovery ratede-
pending on the time of the day the noise trauma is delivered.
Biological rhythms that are controlled throughout the day,
namely circadian rhythms, are important for many bodily
functions (e.g., metabolism, cell cycle, sleep-wake cycle,
reproduction, immune function, and hormonal regulation).
The master clock, the suprachiasmatic nucleus (SCN) of the
hypothalamus, synchronizes and coordinates rhythms to
regulate these various physiological functions [6, 7]. The
central and peripheral clockwork circuitry contains a self-
regulated feedback loop consisting of four transcriptional
repressor-encoding genes (Per1, Per2, Cry1, and Cry2), which
are regulated by BMAL1-CLOCK complexes, which in turn will
be repressed by PER-CRY complexes resulting in a 24 hr
cycle. A secondary loop involves REVERB-a, which represses
Bmal1 transcription in a circadian manner. These core clock
elements are necessary for the generation and maintenance
of circadian rhythms [8]. We examined the temporal expres-
sion patterns of mRNAs encoding central clock components
from CBA/CaJ mouse cochleae. As depicted in Figures S1A–
S1D available online, SYBR Green RT-PCR assays show
smaller amplitudes of Per1, Bmal1, and Reverb-a transcript
amplitudes in the cochlea (2-fold) than in the well-character-
ized liver (15- to 30-fold). However, Per2 mRNA transcripts
were as ample in the cochlea as in the liver (6-fold), which
prompted us to evaluate whether the clock is expressed
autonomously in the cochlea. For this purpose, we evaluated
by means of real-time bioluminescence the expression of
PER2 in adult cochlear explants using PERIOD2::LUCIFERASE
(PER2::LUC)mice, inwhich a Luc gene has been fused in frame
to the 30 end of the endogenous mouse Per2 gene generating
a PER2 protein fused with luciferase [9]. We found that iso-
lated cochleae demonstrated robust self-sustained molecular
rhythmicity of PER2::LUC expression (Figures S1E–S1G),
which damping could be kick-started by the addition of the
synchronizing agent dexamethasone (Figure S1H). PER2 was
localized mainly in inner and outer hair cells and in spiral gan-
glion neurons from the cochlea (Figures S1L–S1O). Immunore-
activity was not expressed in the hair cells and spiral ganglion
neurons in mPer2Brdm1 mutants.
We next found that night noise overexposure affected
molecular cochlear rhythms more than day noise. Night noise
(p = 0.001) but not day noise (p = 0.078) overexposure
decreased the amplitude of Per2 mRNA transcripts by 30%
(Figure 1D). Night noise overexposure suppressed Reverb-a
mRNA transcript oscillations to a greater extent than day
noise overexposure (p < 0.007, day noise versus night noise;
Figure 1F). The known antiphase oscillations of Bmal1 were
Figure 1. Noise Trauma Affects the Cochlear
Clock Machinery
(A and B) Startle amplitudes (A) and latencies (B)
were measured at the inactive phase (‘‘day’’; ZT
3–6) or the active phase (‘‘night’’; ZT 14–16).
(C) Auditory brainstem (ABR) threshold shifts
from mice after noise overexposure at ZT 3–5
(day, red) or ZT 14–16 (night, blue), measured
24 hr post (triangles and dashed lines) and
2 weeks post (filled circles).
(D–G) Temporal expression of Per2 (D), Per1 (E),
Reverb-a (F), and Bmal1 (G) mRNAs in the
cochlea from nonexposed animals (white circles)
or exposed at ZT 3 (red circles) or ZT 15 (blue
circles). The time at which noise overexposure
was delivered is illustrated by the red or blue
squares on the timescale. Mean values 6 SEM
(n = 3–4) and the zeitgeber times (ZTs) at which
the animals were sacrificed are indicated.
(H–J) Average amplitude (H), phase (I), and period
(J) of PER2::LUC oscillations in cochleae ex-
tracted 1 hr after noise trauma (filled bars) or
sham treatment (hatched bars) during day (red)
or night (blue).
Results are mean values 6 SEM (n = 5–12). *p <
0.05, **p < 0.001, ***p < 0.001; paired Student’s
t test (A and B), unpaired Student’s t test (H–J),
or two-way ANOVA with post hoc analysis (C–G).
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659more affected after night noise (p < 0.001; Figure 1G). In control
cochlea, the oscillations of Bmal1 mRNA transcript showed a
3-fold change in amplitude, but after night noise there was a
16-fold change. We reason that this increase in oscillatory
amplitude is due to lesser inhibition by Reverb-a after night
noise overexposure. Day noise overexposure caused a phase
shift in Per1 transcripts by 8 hr with an amplitude peak imme-
diately after day noise overexposure (p < 0.001; Figure 1E). To
assess the effects of noise overexposure in higher resolution
and on a larger timescale, we exposed PER2::LUC mice to a
day or night noise trauma and then recorded the PER2::LUC
bioluminescence of the cochleae in vitro for a duration of6 days. Confirming our in vivo quantita-
tive RT-PCR (qRT-PCR) data, night
noise decreased the rhythm amplitude
by 27% (p = 0.036), whereas day noise
did not (Figure 1H). As previously re-
ported in some tissues [10], the time of
the cochlear dissection largely affected
amplitude, period, and phases in basal
conditions (in the absence of noise
trauma; Figures 1H–1J). As compared
to control, the phase was not altered
after either day or night noise (Figure 1I).
The period of oscillations increased
slightly after day (p = 0.0014) and night
(p = 0.032) noise overexposure (Fig-
ure 1J). Overall, the effect on the
cochlear molecular clock largely de-
pends on the circadian time at which
the animals are exposed to noise.
TrkB-Mediated Regulation of the
Auditory Clock
Neurotrophin-3 (NT-3) and brain-
derived neurotrophic factor (BDNF) are
important neurotrophins implicated incochlear synaptogenesis [11]. NT-3 null mice lose 84% of
cochlear neurons, whereas BDNF null mice mainly lose vestib-
ular neurons [12]. Although NT-3 appears as an important
regulator of auditory neuron survival, BDNF overexpression
in NT-3 mutant mice almost completely rescues NT-3 defi-
ciency in the developing cochlea, highlighting the importance
of BDNF in auditory neuron maintenance [13]. When using
standard SYBR Green PCR on whole cochlear material, we
barely detected Bdnf amplicons, and we relied therefore on
TaqMan assays from pools of microdissected cochleae (free
of bone) to increase detection sensitivity. Only day noise
overexposure increased Bdnf mRNA transcripts by 35-fold
Figure 2. Regulation of the Auditory Clock
by TrkB
(A) Bdnf mRNA expression analysis from
cochleae isolated after day or night noise overex-
posure in comparison to sham-exposed groups.
Results are mean values 6 SEM (n = 3).
(B) Amplitude changes in PER2::LUC cochlear
explants in response to increasing concentra-
tions of DHF.
(C) Representative bioluminescence records of
circadian PER2::LUC expression from cochlear
explants isolated during daytime and treated
with DHF (red) or DMSO (black) at ZT 3 (day) or
ZT 12 (night).
(D–F) Quantification of (C) shown by the average
amplitude change (D), phase (E), and period (F).
Day treatment (orange), night treatment (blue),
DMSO (hatched bars), and DHF (filled bars) are
shown.
(G–I) Effects of TrkB blockade by ANA12 prior to
DHF treatment on PER2::LUC amplitude changes
(G), phase shifts (H), or period (I). DMSO (orange-
hatched bars), DHF (orange-filled bars), and
ANA12+DHF (green-filled bars) are shown.
Results for the PER::LUC experiments are mean
values 6 SEM (n = 3–7). *p < 0.05, **p < 0.001,
***p < 0.001; two-tailed Student’s t test (A),
one-way ANOVA with post hoc Bonferroni test
(B), two-way ANOVA with post hoc Tukey test
(D–F), or one-way ANOVA with post hoc Tukey
test (G–I).
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660(p < 0.05; Figure 2A), suggesting that the lack ofBdnf induction
after night noise could contribute to the increased sensitivity
(Figure 1C).Mature BDNF has preferential affinity for the tropo-
myosin receptor kinase typeB (TrkB), amember of the tyrosine
kinase family implicated in neuronal development and plas-
ticity [14]. The effects of TrkB activation were evaluated using
a selective agonist, 7,8-dihydroxyflavone (DHF), to assess
PER2::LUC oscillations in cochlear explants. DHF caused a
dose-dependent increase in PER2::LUC rhythm amplitude
(Figure 2B), with 60 mM yielding the greatest changes.
Cochlear explants isolated at daytime were treated with DHF
at either ZT 3 (9 a.m.) or ZT 12 (6 p.m.; Figure 2C). DHF effects
were stronger during the day than in the night, with greater
amplitude (p = 0.006; Figure 2D) and greater phase delay (p <
0.001; Figure 2E). The period was also differentially altered be-
tween day and night treatments (p = 0.012; Figure 2F). To
assess the specificity of DHF, we pretreated the cochlear ex-
plants two times with either DMSO or ANA12, a specific TrkB
receptor antagonist, prior to treatment with DHF during the
day. Using this protocol, we recapitulated the amplitude and
period changes observed in Figures 2D and 2F, but not the
phase delay. ANA12 completely blocked the changes in ampli-
tude (p = 0.307; ANA12+DHF versus DMSO; Figure 2G) and in
period (p = 0.444; ANA12+DHF versus DMSO; Figure 2I)induced by DHF. These results support
the notion that DHF modulates PER2
oscillations in the cochlea via TrkB.
DHF Preserves Cochlear Synaptic
Integrity after Noise Overexposure
We hypothesized that the hearing loss
induced by noise overexposure during
the active phase could be due to lack
of Bdnf induction. To test this, wepretreated CBA/CaJ mice with DHF (5 mg/kg intraperitoneally,
2 hr before day or night noise overexposure) in order to acti-
vate TrkB. DHF had no effects on threshold shifts after day
exposure (Figure 3A), whereas it protected against night noise
trauma 24 hr and 2 weeks postexposure. These results imply
that the protective effects of DHF differ during day and night.
After temporary noise trauma, excitotoxicity induces swelling
of the dendrites that can recover through their regrowth to
restore hearing. Night noise-induced permanent hearing loss
in the absence of hair cell loss suggests that a residual uncou-
pling of the synapse between the inner hair cell and the afferent
neuron could persist due to the loss of synaptic ribbons [4].
We evaluated synaptic integrity by assessing synaptic ribbons
in the cochlea at 2 weeks postexposure (Figure 3B). DHF
treatment protected synaptic ribbons from their loss caused
by night noise exposure (p < 0.001; DHF versus DMSO;
Figure 3C).
Discussion
TrkB Activation Protects from Noise-Induced Hearing Loss
Cochlear innervation and auditory neurite growth are highly
dependent on the neurotrophins BDNF and NT-3 [12, 15–17].
Their respective receptors, TrkB and TrkC, are expressed in
Figure 3. Maintenance of Synaptic Integrity by TrkB Activation after Night Noise Injury
(A) ABR threshold shifts from mice exposed to noise at ZT 3–5 (day, red) or ZT 14–16 (night, blue), measured 24 hr post (left panel) and 2 weeks post (right
panel). DMSO-treated animals are indicated by white circles; DHF-treated animals are indicated by filled circles. Results are mean values6 SEM (n = 4–9);
two-way ANOVA post hoc Holm-Sidak.
(B) Representative images of synaptic ribbons (arrows) beneath inner hair cell nuclei from 0.5mm (low-frequency region) and 3.5mm (high-frequency region)
distance from the apex of controls (upper panel), Noise+DHF (middle panel), and Noise+DMSO (lower panel). Scale bar represents 10 mm. Corresponding
frequency map is provided at the upper right of (C).
(C) Quantification of the synaptic ribbons along the length of the cochlea from controls (empty gray circles) and 2 weeks post DMSO-treated night noise
(empty blue circles) and DHF-treated night noise (filled blue circles).
Results in (A) and (C) are mean values 6 SEM (n = 4). *p < 0.05, **p < 0.001, ***p < 0.001; two-way ANOVA with post hoc Tukey test.
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661auditory neurons [18–20]. Loss of TrkC function, but not
TrkB function, results in a loss of 50% of auditory neurons;
however, dual knockout of TrkB and TrkC causes a complete
absence of auditory neurons, highlighting the complementary
support of both signaling pathways on auditory neuronal main-
tenance [12]. In the cultured postnatal cochlea, TrkC, but not
TrkB, played a role in axon growth and synaptogenesis,
although both neurotrophins were equally efficient in regener-
ating synapses after excitotoxicity [21]. Our study provides
evidence that TrkB activationmay prove useful for maintaining
synaptic integrity after noise injury in the adult mouse cochlea
in vivo.
BDNF has been used by different means to protect from
hearing loss or to restore hearing [17, 22, 23], but its size
and short lifespan preempt its ease of use. A selective TrkB
agonist, DHF, has recently been identified in a neuronal
cell-based apoptotic screen [24]. A structural activity rela-
tionship study from the same group generated 7,8,30-
trihydroxyflavone (7,8,30-THF) with three times greater po-
tency on TrkB than DHF [25]. Local delivery of DHF and
THF in the ear has been shown to rescue auditory neuronal
loss and function in a mouse model of auditory neuropathy
(cCx26 null mice) [26, 27]. Our results are in line with
these findings and suggest that DHF may (1) protect immedi-
ately, presumably by decreasing glutamate release during
noise overexposure and subsequent excitotoxicity, (2) act
on the recovery processes after noise overexposure by
facilitating synaptogenesis, or (3) a combination of the two.
Although we do not exclude worse recovery or potential
damage on outer hair cells after night noise overexposure,
the decreased temporary threshold shifts observed 24 hr
posttrauma in the DHF group (Figure 3A) suggest that the
excitotoxic damage does not occur to the same extent as
in the control group.A Circadian Machinery Responding to Noise
Although numerous molecular clocks have been found in
different tissues [28, 29], this is the first demonstration that
the adult cochlea contains rhythmically expressed clock
genes, with robust and self-sustained oscillations. We have
found, to our knowledge for the first time, that the auditory
sensitivity to noise trauma depends on the time of day and
that noise overexposure alters circadian oscillations of
cochlear Per1, Per2, Reverb-a, and Bmal1 mRNA transcripts.
Correlating with the increased sensitivity to noise overexpo-
sure at night, greater effects on the circadian machinery
were observed after night noise overexposure (suppression
of Per2 and Reverb-a oscillations and greater oscillations of
Bmal1; Figures 1D–1G). Since REVERB-a inhibits Bmal1
transcription, we propose that the suppression of Reverb-a
oscillations is linked to the increased oscillations of circa-
dian Bmal1 mRNA transcripts occurring after night noise
overexposure.
TrkB may play a critical role in gating the circadian auditory
clock to sound. TrkB could modulate circadian rhythms
through upstream connections with the clockwork circuitry,
including that of the SCN. Since TrkBmutant mice are embry-
onic lethal [30], targeted deletion of TrkB specifically in the
SCN or the use of SCN-specific dominant-negative TrkB-
expressing mice should provide interesting insights into the
contribution of TrkB to the auditory clock machinery.
Conclusions
Sensitivity to noise trauma is greater at certain times of the
day, both at the molecular and behavioral level, with conse-
quences on hearing. It is likely that the mouse auditory clock
described here will have similar properties in humans, as the
auditory and circadian systems in mammalian species are
highly homologous. For this reason, our findings could have
Current Biology Vol 24 No 6
662important implications with reference to the circadian variation
in the potential for recovery from noise trauma that may play a
role for people working in noisy environments, shift workers,
flight crew that frequently travel across time zones, and those
who recurrently visit nightclubs.
Experimental Procedures
Animal Handling
All experimental procedures involving animals were performed in accor-
dance with the guidelines and regulations set forth by Karolinska Institutet
and the Stockholm Norra Djurfo¨rso¨ksetiska Na¨mnd. Recordings of circa-
dian oscillations of the PER2 protein were performed using tissues
obtained from knockin PER2::LUC transgenic mice with a C57BL/6 back-
ground [9], generously provided by J. Takahashi. CBA/CaJ and PER2::LUC
male mice aged between 2 and 4 months were used for audiological,
morphological, and molecular experiments. Temperature was maintained
between 19C and 21C. Because lights were on at 6 a.m. and off by
6 p.m., we set 6 a.m. as ZT 0. Handling at ZT 14–16 (darkness) was per-
formed in red light.
Organotypic Cultures
Adult cochleae, SCNs, and livers were dissected from PER2::LUC mice and
cultured organotypically on a membrane (Millipore; PICMORG50). The iso-
lated tissues were cultured as described [31, 32]. Cochleae, dissected
free of bone and stria vascularis, were kept in culture for a minimum of
6 days.
Drug Treatment
Mice were given a 4 ml/kg intraperitoneal injection of DHF (5 mg/kg) dis-
solved in vehicle (18% DMSO in PBS solution) 2 hr prior to noise trauma.
For in vitro treatments, two protocols were used for the treatment of
cochlear explants: (1) DHF day/night experiments (Figures 2D–2F), in which
cochlear explants were exposed to DMSO vehicle or 60 mM DHF at either
ZT3 or ZT12, and (2) DHF/ANA12 experiments (Figures 2G–2I), in which
cochlear explants were pre-exposed on day 0 and day 2 with DMSO
vehicle or ANA12 (Sigma-Aldrich; SML0209) at ZT 4 and the explants
were cotreated with DHF on day 3 (Tocris; 3826) and vehicle or ANA12
at ZT 4.
Acoustic Trauma and Auditory Brainstem Response
Awake and unanesthetized animals were treated with free-field broadband
noise at 6–12 kHz at an intensity of 100 dB SPL for 1 hr to generate hearing
loss, similar to a previously described noise trauma paradigm [33]. Post-
trauma measurements were performed either 24 hr after the day exposure
or 24 after the night exposure. However, the final measurements made at
2 weeks posttrauma were performed only during the day because (1) we
found no differences in basal ABR levels between day and night and (2) after
2 weeks posttrauma, ABR levels are considered stable.
Acoustic Startle Response
CBA/CaJ male mice were tested for the acoustic startle response (ASR) at
sleep (ZT 3–6) and awake (ZT 14–16) phases. The same animals were
used for the experiment, with 7-day intervals between day and night
sessions. The ASR paradigm was described previously [34]. The startle
magnitude (Vmax, where V is the mean maximal startle response to the
‘‘pulse-alone’’ trials) and startle latency (Tmax, where T is the mean latency
to the maximal response to the ‘‘pulse-alone’’ trials) were calculated.
Immunocytochemistry and Quantification of Synaptic Ribbons
For immunostaining of PER2, wild-type or mPer2Brdm1 mutants (having a
frame deletion that produces an unstable PER2 protein) [35] underwent
transcardiac perfusion (4% paraformaldehyde), and cochleae were decalci-
fied for 12 hr in EDTA 2% for 4 days and cryosectioned. Sections were
immunostained with a rabbit antibody directed against PER2 (PER21-A;
Alpha Diagnostic International, 1:100). For the quantification of synaptic rib-
bons, surface preparations were stained for C-terminal binding protein 2
(mouse anti-CtBP2; 612044 from BD Biosciences, 1:200) and secondary
fluorescein isothiocyanate (FITC)-conjugated goat anti-rabbit and tetrame-
thylrhodamine isothiocyanate (TRIC)-conjugated goat anti-mouse anti-
bodies (Jackson ImmunoResearch, 1:100). Confocal image stacks were
analyzed using ImageJ software. Quantification was performed using an
automated particle counter after converting the image to grayscale andthresholding the image. This technique was manually validated before col-
lecting the data.
Quantitative Real-Time PCR
SYBR Green qRT-PCR assays were performed as described previously
[36, 37], with minor modifications. CBA/CaJ male mice were put into dark-
ness for 72 hr prior to their exposure to either silence or sound (100 dB,
6–12 kHz narrow-band white noise, for 1 hr). The cochleae (controls and
day and night noise exposure) were collected at fixed ZTs to allow compar-
isons. Total RNAs were extracted from whole cochleae using the Direct-zol
RNAMiniPrep Kit from Zymo Research (Nordic Biolabs AB) immediately fol-
lowed by DNase I treatment (Invitrogen). RNA integrity was assessed using
RNA 6000 Nanochips with an Agilent 2100 Bioanalyzer (Agilent Technolo-
gies), and quantity was evaluatedwith NanoDrop. RT-PCR assays were per-
formed with 0.5 mg total RNA from three or four adult cochleae or livers,
collected every 4 hr around the clock. Total RNAs were reverse transcribed
with the SuperScript II Reverse Transcriptase kit from Invitrogen (Life
Sciences). A mean quantity was calculated from triplicate PCR for each
sample, and this quantity was normalized with the geometric mean of two
to four most stable genes out of six reference genes (tubulin b [Tubb], glyc-
eraldehyde-3-phosphate dehydrogenase [Gapdh], transferrin receptor 1
[Trf1R], tubulin a2 [Tuba2], hypoxanthine phosphoribosyltransferase
[HPRT], and cyclophilin B) selected using the geNorm algorithm as
described previously [38]. Normalized quantities were averaged for three
technical replicates for each data point and are represented as mean 6
SD. The highest normalized relative quantity was arbitrarily designated as
a value of 1.0. Fold changes were calculated from the quotient of means
of these normalized quantities and reported as 6 SEM. The primers used
for qRT-PCR are listed in Table S1.
For the evaluation of BdnfmRNA transcript levels, we performed TaqMan
qRT-PCR assays (Applied Biosystems). Bdnf (Mm01334042_m1) gene
expression was quantified as described above using Cyclophilin E
(Mm00450929_m1) and Hprt (Mm00446968_m1) as the most stable normal-
ization genes.
Statistics
Data are presented as mean 6 SEM. Statistical analyses of PER2::LUC
rhythms and qRT-PCR data were performed with GraphPad Prism 5.04
(GraphPad Software). Analyses of other experiments were performed using
SigmaStat v3.5.
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